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ABSTRACT:
The γ- ray background in the indoor environment has been measured up to 3 MeV to evaluate
the feasibility of studying low cross- section (nanobarn to picobarn range) astrophysical reactions
at the Facility for Research in Experimental Nuclear Astrophysics (FRENA), Saha Institute of
Nuclear Physics, Kolkata. An n- type coaxial HPGe detector with 20% relative efficiency has been
placed at different locations in the accelerator and beam halls for the measurement. The measured
activity has been compared with that at two laboratories (with normal brick walls) with and without
passive and active radiation shieldings. As, the halls at FRENA are well shielded by concrete, the
contribution of the shielding in indoor γ- ray background has been delineated by simulation using
a 4pi- geometry model.
KEYWORDS: Gamma detectors (scintillators, CZT, HPGe, HgI etc); Interaction of radiation
with matter; Radiation shielding.
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1. Introduction
Natural γ- ray emitters contained in indoor and outdoor surrounding materials contribute signifi-
cantly to the background of the γ- spectra. Measurement and reduction of the background events
are essential to improve the minimum detection level in the γ- ray spectrum . Because of this any γ-
spectrometry laboratory pays special attention to minimize the radiation background of detectors
to improve the Minimum Detectable Activity (MDA) of the detection system. The MDA of the
detection system is defined as [1],
MDA≃
√
Background Counts
Detection E f f iciency
, (1.1)
Increasing the detector size increases efficiency to provide lower limit in detectable activity (MDA)
but it is not always an economically viable solution. Bigger detectors show increased summing ef-
fects. They are also more efficient in detecting background radiation. So, it is essential to optimize
the parameters related to background suppression [2] to minimize MDA.
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Omnipresent background radiation is emitted from a variety of natural and artificial radiation
sources in the Earth and its atmosphere and from cosmic rays originated from space. The energies
of γ- rays coming from natural radioactive elements are generally up to 3 MeV. At energies above
3 MeV, the background in the γ- spectrum is primarily due to cosmic ray interactions within the
upper atmosphere.
Low background γ- ray spectroscopy is an essential tool for study of rare nuclear physics
processes. The meter water equivalent (often m.w.e. or mwe) is a standard unit to measure the
effectiveness of shielding for cosmic ray attenuation in underground laboratories. Laboratories at
the same depth of overburden can have different degrees of penetration of cosmic ray depending
on their composition. The m.w.e., thus provides a convenient and consistent way of comparison of
background suppression at different low background laboratories at overground and underground
locations.
Low background γ- ray spectrometers are either operated in normal overground laboratories
in usual buildings under a low overburden (<1m water equivalent (mwe), say), or at specialised
underground laboratories with high (>1000 mwe, say) overburden. Even with a few meters water
equivalent shielding, the weak component of cosmic rays can be shielded.
In nuclear astrophysics, all the relevant reactions take place far below the Coulomb barrier and
thus the reaction cross- sections are very small. The cross- sections are typically in the nanobarn -
picobarn range [3]. So reduction of events arising from background radiation is essential for these
measurements. Thus the overburden of an underground laboratory may be necessary to shield the
facility from cosmic radiation that can interfere with these experiments. To detect events where
the energies of γ- rays of interest are greater than 3 MeV - it is advantageous to work in an under-
ground laboratory . However, if they have energies less than 3 MeV, then underground facility does
not provide any additional advantage [3]. Additional shieldings are needed to reduce the γ- rays
originated from natural radioactivity.
Two kinds of radiation shieldings - designated as passive and active shielding, are used for
background γ- radiation suppression. In passive shielding, one generally covers the detector sys-
tem with high Z elements, like lead (Pb, Z=82) with adequate thickness for absorption of highest
energy environmental γ- radiation background. The inner side of the shielding is covered by layers
of gradually decreasing Z effective. Active shielding method includes complex anti-correlation
techniques in data acquisition. To stop the neutrons, which may give rise to subsidiary γ- radiation,
low Z materials like paraffin, high density polyethylene (HDPE) and concrete shielding are used.
To optimize the shielding configuration, both experimental technique and Monte Carlo modeling
are essential.
A low energy accelerator based Facility for Research in Experimental Nuclear Astrophysics
(FRENA) is in the process of installation at Saha Institute of Nuclear Physics, Kolkata. The accel-
erator hall and beam hall in the building are shielded by a 1.2 m thick concrete wall to reduce the
radiation dose outside these rooms to permissible limits. Nearly 60 cm (≃ 1.5 mwe) of concrete
ceiling reduces the cosmic muons by a significant amount. The energy loss of muons in concrete
is nearly 4 MeV/cm [4], so muons with energy of 240 MeV are completely absorbed within the
concrete shielding. However, we should keep in mind that these concrete walls work not only as
shields but are also sources of background γ- radiation originated from natural radioactivity. So, it
is necessary to evaluate the extent of the contribution of these walls in the indoor environment of
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FRENA halls, especially in the γ- ray spectrum below 3 MeV.
Thus in the present work, we have measured the background γ- ray spectra at several posi-
tions of the FRENA accelerator building like accelerator hall and beam hall with a bare detector
without any additional temporary shielding. Background spectra have been acquired at two other
usual nuclear physics laboratories made out of normal brick walls. The energy spectra have been
compared with each other to understand the shielding effect and the cotributions from the concrete
walls. Additionally, some passive and active shielding have been arranged surrounding the HPGe
detector with available accessories and facilities in our laboratory. The suppression induced by
these shieldings have been measured. The preliminary results have been reported in Ref. [5].
Monte Carlo simulation has been utilized to evaluate the contribution of these walls in the
indoor environment of FRENA halls, especially in the γ- ray spectrum below 3 MeV. We have con-
sidered a spherical layer of concrete shielding as the simulation model geometry. The radioactive
elements are isotropically distributed within the concrete walls. Similar 4pi- geometry irradiation
has been suggested for the radiation field in the buildings constructed with concrete walls by Tsut-
sumi et al. [6]. Effects of variations of different parameters like wall thickness, radius of the
spherical shell have been tested in the recent work. Simulations have been done to optimize the
shielding arrangements.
2. Sources of background radiations
Background γ- radiation is emitted from a variety of natural and artificial radioactive sources. The
major natural sources are cosmic rays originated from space, terrestrial radiation: terrigenous and
radiogenic, i.e., sources in the Earth and its atmosphere, and a very small fraction is anthropoge-
nous, i.e., originated from the man-made sources.
The earth’s crust contains natural deposits of uranium, potassium and thorium. The 238U, 40K
and 232Th nuclei are radioactive and they release ionizing radiation. Uranium and thorium are
omnipresent, i.e., these nuclei are found essentially everywhere. Traces of these minerals are also
found in building materials. The γ- ray spectrum up to 3 MeV is mainly dominated by the radiation
emitted by 40K and the nuclei in the decay chains of 238U and 232Th etc. [7]. Natural potassium
contains 0.012% of 40K which decays with T1/2 = 1.248(3)×109 y [7] and emits a γ- ray of 1.460
MeV energy [7, 8]. The decay chain of daughters of 238U (T1/2 = 4.468(6)× 109 y) and 232Th
(T1/2 = 1.40(1)× 1010 y) emit a long series of γ- rays [7]. The highest energy intense γ- ray at
energy 2.615 MeV, originates from the daughter of 232Th. One of the daughters of 238U, 226Ra
(T1/2 = 1600 (7) y) has a long half-life.
222Rn is an odourless and colourless radioactive gas that is
also a decay product of 238U. Being an inert gas, radon does not react with surrounding matter and
thus can readily move up through the ground and accumulate in the ambient air of a closed room.
Presence of 222Rn also gives rise to radiation background.
At energies higher than 3 MeV, the γ- ray background originates from the interaction of cos-
mic radiation which primarily consists of 70% of muons, 30% electrons, and <1% protons and
neutrons [3], during their passage through the intervening atmosphere. In the present work, we
have measured the environmental γ- radiation background till 3 MeV.
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3. Experimental details
3.1 Venues of measurement
The Facility for Research in Experimental Nuclear Astrophysics (FRENA) laboratory is a surface
laboratory which is dedicated to low energy nuclear astrophysics experiments. It is basically a
three storey building with mainly four rooms accelerator hall (27300 mm x 11856 mm), beam hall
(22600 mm x 15000 mm), control room (7200 mm x 4575 mm) and data room (9000 mm x 6000
mm), respectively, at the ground floor. The other associated laboratories are being developed at
other floors. The accelerator hall and beam hall are well shielded with 1.2 m thick concrete wall.
The ground floor has a roof made of 60 cm thickness of concrete.
The γ- radiation background has been measured at different locations in the accelerator and
beam hall to get the integral background count rate at each place.
To compare the effect of concrete shielding in the accelerator and beam halls, two nuclear
physics laboratories with nearly 25 cm thick normal brick walls have been chosen in our present
work. The rooms are situated at first floor and second floor of the main building with a size ap-
proximately one-third of the accelerator hall in FRENA building.
Figure 1. (Color online) Top view (1 mm Cu liner and lead square box) of the passive shielding in Setup I
at Lab I.
3.2 The Detector and the Data acquisition system
An n - type coaxial HPGe detector with 80 cm3 active volume with 20% relative efficiency is used
for the measurement of γ- ray background at all the measurement places described earlier. The de-
tector crystal diameter is 5.1 cm and length is 4.2 cm. Experimental data have been acquired using
a CAEN 5780M [9] desktop digitizer (14 bit, 16k channel and 100 MS/s). It is well equipped with
DPP-PHA (Digital Pulse Processing-Pulse Height Analyzer) firmware that enables it to provide not
only precise energy and timing information but also a portion of waveform and the other traces for
fine-tuning of PHA settings [9].
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Figure 2. (Color online) The schematic diagram of the SUM spectrometer with six sectors of NaI(Tl)
detectors from different angles. The dimensions are indicated in the diagram.
Figure 3. (Color online) The shielding arrangements at Lab II with SUM spectrometer for the 20% relative
efficiency HPGe detector. The empty space in the SUM spectrometer bore hole has been blocked with Pb
blocks at one side and the HPGe detector is inserted from the other end.
3.3 Experimental Setups
3.3.1 Setup at FRENA lab
At first, the HPGe detector has been placed at several locations in the FRENA accelerator building
to check the effectiveness of the concrete wall and also its contribution in background γ- radiation.
Data have been acquired with a bare HPGe detector without any additional passive or active shield-
ing. The measurement time varied from several hours to days to have reliable counting statistics.
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Figure 4. (Color online) A cross- sectional view of spherical shell geometry model showing the concrete
shield. The HPGe detector is placed at the centre of the sphere. The radioactive particles are isotropically
distributed within the concrete material. The entire system is enclosed in a box, filled by air. The figure is
not drawn to scale.
3.3.2 Setups at Nuclear Physics laboratory
Measurements of ambient γ- radiation background have also been carried out at the nuclear physics
laboratories (Lab I and Lab II) with a bare detector without any shielding at first.
• Setup I with passive shielding:
In Lab I, the detector is put inside a 2 cm thick square box made of lead (Pb: Z=82). Addi-
tional 40 lead rectangular blocks each with 2.5 cm thickness have been used to cover the box
from all sides. The effective thickness of Pb bricks is nearly 7 cm. The detector encasing is
covered with 1 mm of Cu liner to cut the Pb X- rays. A view of the shielding arrangement
without the top cover is shown in Fig. 1.
• Setup II with passive and active shielding:
A NaI(Tl) cylindrical SUM spectrometer consisting of six large sectors of NaI(Tl) detectors
is available at our laboratory (Lab II). The length of the SUM spectrometer is 46 cm and
diameter is 30 cm (Fig. 2). Each of the detector module is coupled with one photo multiplier
tube (PMT) at one end. At the centre of the cylindrical assembly, there is a bore hole of 8
cm diameter. The HPGe detector used by us has a long neck and it is inserted inside the
bore hole. The remaining empty space in the SUM spectrometer bore hole has been blocked
with Pb blocks from the other side. The SUM spectrometer has been utilized as passive
and active shielding for the HPGe detector. The positive bias voltage (+1000V) of the SUM
spectrometer has been provided from the DT5533EMmodule developed by CAEN for the six
PMT’s of the six sectors of NaI detectors. The negative bias voltage (-3000V) of the HPGe
detector is provided by the CAEN DT5780M desktop digitizer module. The experimental
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set up has been shown in Fig. 3. The background data have been acquired in four different
conditions described below:
– data taken with bare HPGe detector,
– HPGe inserted in the SUM spectrometer used as a passive shield,
– HPGe + SUM spectrometer as passive shield with additional Pb bricks and
– HPGe + SUM spectrometer as passive shield + additional Pb bricks + SUM spectrom-
eter in anti- coincidence condition with the HPGe detector. The time window in anti-
coincidence mode is kept at 1 µs. The variation in the background suppressed energy
spectrum with variation of anti- coincidence time window like 1 µs, 1.5 µs, 2 µs in
anti-coincidence mode also has been acquired. Preliminary results have been presented
by our group in Ref. [10].
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Figure 5. (Color online) Comparison of time-normalised γ- background at FRENA building accelerator
hall, Lab I and Lab II acquired with a bare detector. The two intense γ- lines at 1460 keV and 2615 keV
have been shown in the figure. The variation in counts in the three spectra is due to the different dimensions
of the rooms and construction materials.
4. GEANT4 simulation
Along with the experimental measurements, to understand the effectiveness of the shielding, sim-
ulation tools have been widely used. In the present work, the simulations have been carried out
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Figure 6. (Color online) The black colored spectra correspond to room background without any shield
at Lab I and red line corresponds to spectrum with passive shielding (Setup I). The overall background
suppression is 10 fold in presence of passive Pb shield.
using the GEANT4 Monte Carlo toolkit [11] which enables the accurate simulation of the passage
of particles through matter. Low energy electromagnetic physics models (valid from 250 eV to 100
GeV) have been used to model the photon interactions with the detector throughout the simula-
tions. The simulation has been done using series of classes like detector construction, and building
material, particle and physics process definition, particle tracking, event action, etc. The γ- photons
are created using the General Particle Source (GPS) module in GEANT4. The energy deposition is
recorded step-by-step and after that added for each event. The energy resolution and cut off values
are incorporated properly in the simulation. Two simulation model geometries have been used to
optimize the shielding. They are discussed one by one below.
4.1 Model Geometry 1
In case of outdoor open fields, natural background radiations can be well predicted with the as-
sumption of infinite half- space source that means a 2pi- source geometry. The indoor source
geometry is not easy to be realistically modelled. In Ref. [6], they have used an approximate 4pi-
geometry irradiation source for the radiation field in the buildings surrounded by concrete walls. In
the present work also, a spherical concrete layer with isotropic distribution of natural radioactive
nuclei in it has been assumed. An HPGe detector with 20% relative efficiency is placed at the
middle of the spherical shell. The spherical layer is made of concrete with density 2.35 g/cm3. The
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Figure 7. (Color online) The black colored spectra correspond to room background without any shield at
Lab II, red line corresponds to spectrum with SUM spectrometer as passive shielding, blue line corresponds
to spectrum with SUM spectrometer as passive shielding with additional Pb bricks and magenta line corre-
sponds to spectrum with SUM spectrometer as active shielding (with 1 µs time window) and additional Pb
bricks. The total background suppression using active shielding is 22 fold at Lab II.
weight composition of concrete is given in Table 1. The model geometry has been shown in Fig.
4. The γ - photons have been generated using GPS module and thrown randomly in 4pi- direction
from the concrete wall. Different wall thicknesses have been taken and the photon energy spectra
are simulated for intense γ- rays of long- lived radioactive nuclei, like 40K, 232Th and 226Ra decay
series etc., which are typically found in room background spectra.
4.2 Model Geometry 2
In the second case, an HPGe detector with 20% efficiency (80 cm3 volume) has been constructed
with a shielding layer surrounding the detector. A point source is placed at 30 cm from the detector
front face. The highest energy γ- ray available in the room background is 2.615 MeV. So, to
check the effectiveness of the lead shielding, fifty lakh γ- photons have been thrown directly in 4pi-
direction. The total numbers of photons reaching the detector are recorded. The thickness of the
lead shield is varied from 0 cm to 16 cm.
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Figure 8. (Color online) The ratio of the background count rate per sec to the γ- ray intensities of radioactive
214Bi, 214Pb nuclei from 238U decay series and 228Ac, 208Tl, 212Pb of 232Th decay series have been plotted
as a function of energy. Data have been acquired at accelerator hall of the FRENA building and Lab I. The
nature of the plots indicates isotropic distribution of the radioisotopes from the two decay series in both the
indoor environments.
Table 1. Elemental composition of ordinary concrete which has been considered in the present simulation.
Element Amount (g in each 2.35 g) Weight fraction
Hydrogen 0.013 0.005
Oxygen 1.165 0.496
Silicon 0.737 0.314
Calcium 0.194 0.083
Sodium 0.04 0.017
Magnesium 0.006 0.002
Aluminium 0.107 0.046
Sulphur 0.003 0.001
Potassium 0.045 0.019
Iron 0.029 0.012
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Table 2. The count rates per sec (cps) for all configurations in energy range 50-3000 keV. The configurations
in detail are mentioned in the footnote below the table.
Energy range Configurations
C11 C22 C33 C44 C55 C66 C77
(keV)
50-500 1207.94 10.47 42.08 253.68 43.69 7.04 4.71
500-1000 126.10 3.15 4.47 28.15 9.58 1.93 1.26
1000-2000 68.77 1.95 2.49 15.54 4.95 1.00 0.69
2000-3000 9.98 0.31 0.38 2.28 0.83 0.17 0.12
1Lab I: without any shielding
2Lab I: with nearly 7 cm of Pb shielding
3FRENA Accelerator hall
4Lab II: without any shielding
5Lab II: SUM spectrometer as passive shield
6Lab II: SUM spectrometer as passive shield + Pb bricks
7Lab II: SUM spectrometer as both passive shield + active shield + Pb bricks
5. Results and Discussions
5.1 Experimental Results
The indoor background spectra have been measured at different locations of the FRENA building
like accelerator hall, beam hall middle, near beam hall wall and control room etc. The variation
of the photopeak count rate of 2.615 MeV is nearly within 4% at beam hall middle, near beam
hall wall and control room. But the photopeak count rate of 2.615 MeV at accelerator hall near
the concrete wall is 25% less than the other places due to the room shape mentioned before. The
background spectrum measured at FRENA accelerator hall has been compared with two nuclear
physics laboratory room in Fig. 5.
• From the Fig. 5, it is clear that the count rate per sec at FRENA experimental hall is already
lower than the Lab I and II, respectively, due to its shape, size and construction materials.
• Now, to reduce the background further, we have taken the HPGe detector at our nuclear
physics laboratories and developed the active and passive shielding set ups. The results are
described below one by one.
To check the passive shielding effect with Pb bricks, the normal room background spectrum
without any shielding at Lab I is compared with the spectrum with the shielding shown in Fig. 1.
The comparison between the two spectra is shown in Fig. 6. In presence of Pb shield, the areas
of the most intense peaks in the γ- ray background spectrum, viz., 1.460 MeV and 2.615 MeV, are
reduced by factors of 45 and 36, respectively.
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Another passive and active shielding set up at Lab II, shown in Fig. 3 has also been utilized for
background suppression. The total integral count rate per sec reduces by a factor of 10 after placing
the HPGe detector inside the bore hole of the SUM spectrometer. The reduction factor increases
to 15 after adding some additional Pb blocks inside the bore hole. Finally, we have used the SUM
spectrometer both as a passive and active shield. It improves the suppression further by a factor of
22 compared to normal room background. The comparisons between the spectra at different stages
have been shown in Fig. 7. We have checked the integral count rate by varying the time window
in the data acquisition system from 1 µs to 2 µs. We get optimal shielding with 1 µs time window
with our set up.
For a proper, detailed view, the spectra covering the entire range (50-3000 keV) have divided
into four parts – a) 50-500 keV, b) 500-1000 keV, c) 1000-2000 keV and d) 2000-3000 keVs. The
count rates per sec for all configurations mentioned before have been tabulated in Table 2.
The values of the ratio of the background count rate per sec to the intensity of decay γ- rays of
214Bi, 214Pb of 238U decay series and 228Ac, 208Tl, 212Pb of 232Th decay series have been plotted as
a function of energy, similar to Ref. [1] for accelerator hall and Lab I, respectively. Both the plots
have been shown in Fig. 8. From the Fig. 8, it is clear that both the plots reproduce a reasonably
shaped efficiency function. Thus, it indicates a similar distribution of the isotopes belonging to the
two decay series 238U and 232Th.
5.2 Simulation Results
The simulated photon energy spectra with model geometry 1 have been shown in Fig. 9 for varia-
tion in wall thicknesses 5, 10, 15, 20, 25, 50 and 100 cm, respectively. In Fig. 9, we have considered
only 1.460 MeV γ- ray from 40K source with same activity concentration in the wall. The Compton
scattered part of the 1.460 MeV γ- ray has been shown in the inset of Fig. 9(a). As the wall thick-
ness increases, the Compton scattered part increases sufficiently, however, the photopeak count
saturates beyond 25 cm of wall thickness (see Fig. 9(b)).
The variation of photopeak areas of γ- rays of various energies are plotted as a function of
wall thickness (Fig. 10). The relative contribution of γ- rays originated from different long-lived
radioisotopes have been plotted. From the Fig. 10, it is clear that the saturation in photopeak
area is achieved earlier at smaller wall thicknesses for lower photopeak energy. So, the γ- rays
coming beyond 25 cm of wall do not contribute in the indoor energy spectrum as they are scattered
and absorbed within the wall. With 1.2 m thick concrete wall the γ- rays coming from outside
environment till 3 MeV, are completely absorbed.
Percentage of initial count of γ- photons which are finally detected by the detector have been
plotted in Fig. 11. The absorption of 2.615 MeV γ- ray within the lead absorber has been shown.
With the model geometry 2, the initial γ- flux reduces to 0.33% after passing through nearly 16 cm
of lead shield.
6. Summary and Future plan
The background spectra have been taken at different positions of the FRENA building and also at
our nuclear physics laboratories. The count rate at FRENA experimental hall is lower than our nu-
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Figure 9. (Color online) Energy distribution spectra of 1.460 MeV at different concrete wall thicknesses
with same activity concentration of 40K - (a) in case of scattered part of γ- radiation, it increases as the wall
becomes thicker, (b) the saturation in photopeak height beyond 25 cm is seen clearly.
clear physics laboratory due to the differences in size and construction materials. Next, the integral
count rates have been calculated for various energy ranges in different shielding configurations.
The shielding arrangements which are set up at our laboratory using different accessories will be
effective to decrease the indoor background further at FRENA building. The isotropy of radionu-
clides distribution coming from the two decay series 238U and 232Th at the laboratory ambiences
also have been verified from the experimental data. To understand and study the shielding arrange-
ments further, simulation have been done. The effectiveness and the contribution of the concrete
shielding in the natural room γ- background has also been studied using the 4pi- geometry source
irradiation. From the simulation, it is clear that the 1.2 m thick concrete shielding protects the
indoor from the outside environmental radiation and only radionuclides distributed up to 25 cm
inside the wall contribute in the indoor γ- ray background. The simulation is also useful to estimate
the passive shielding thickness before the real experimental set up. The initial γ- ray flux reduces
to 0.33% in presence of 16 cm thick lead absorber (in case of 2.615 MeV γ- ray).
The present study will be helpful to plan the low energy astrophysics experiments at FRENA.
Apart from the active and passive shieldings discussed in the present work, in future, additional
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function of the concrete wall thickness. From the figure it is clear that the contribution from different γ- rays
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1460 keV and 0.3 for 2615 keV.
shielding arrangements may be set up during in- beam experiments to reduce the background γ-
ray events further.
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